ABSTRACT: The purpose of this study was to determine mechanomyographic (MMG) and electromyographic (EMG) responses of the superficial quadriceps muscles during repeated isokinetic contractions in order to provide information about motor control strategies during such activity, and to assess uniformity in mechanical activity (MMG) between the investigated muscles. Ten adults performed 50 maximal concentric muscle contractions at three randomly selected contraction velocities (60, 180, and 300°иs −1 ) on different days. Surface electrodes and an MMG sensor were placed on the vastus lateralis (VL), rectus femoris (RF), and vastus medialis (VM). EMG and MMG amplitude and peak torque (PT) were calculated for each contraction, normalized, and averaged across all subjects. The results demonstrated that MMG amplitude more closely tracked the fatigue-induced decline in torque production at each velocity than did EMG amplitude. This indicates that MMG amplitude may be useful for estimating force production during fatiguing dynamic contractions when a direct measure is not available, such as during certain rehabilitative exercises. MMG amplitude responses of the VL, RF, and VM were not uniform for each velocity or across velocities, indicating that it may be possible to detect the individual contribution of each muscle to force production during repeated dynamic contractions. Therefore, MMG amplitude may be clinically useful for detecting abnormal force contributions of individual muscles during dynamic contractions, and determining whether various treatments are successful at correcting such abnormalities.
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Mechanomyography (MMG) is the recording and quantification of the lateral oscillations of contracting skeletal muscle fibers, 3, 4, 6, 21, 39 and probably reflects the mechanical counterpart of motor unit electrical activity as measured by electromyography (EMG). 24 The lateral oscillations recorded as MMG are thought to be a function of three components 4, 38 : (1) a gross lateral movement at the initiation of a contraction generated by the nonsimultaneous activation of muscle fibers; (2) smaller, subsequent lateral oscillations generated at the resonant frequency of the muscle; and (3) dimensional changes of the active fibers. The amplitude of the MMG signal can be influenced by many factors including muscle temperature, stiffness, mass, intramuscular pressure, and the viscosity of the intra-and extracellular fluid media. [3] [4] [5] 21, 38, 39 Mechanomyography has been used to examine many aspects of muscle function including neuromuscular fatigue, 17, 23, 42, 44 electromechanical delay, 43 and muscle fiber distribution patterns. 39 In addition, MMG has been used clinically to control external prostheses, 7 diagnose neuromuscular disorders in adult and pediatric populations, 1, 6 and evaluate conditions associated with low back pain. 35 Previous investigations have utilized isometric muscle contractions to determine the MMG responses during continuous fatiguing work-bouts.
Generally, previous studies have shown an increase in MMG amplitude across time at low levels of force production [10-40% maximum voluntary contraction (MVC)] 23, 39, 44 and either no change 23, 44 or a decrease in MMG amplitude 23, 39 across time at higher levels of force production (50-80% MVC).
Previous investigators have suggested 23, 38, 50 that the increases in MMG amplitude at low levels of force production may be due to the fatigue-induced recruitment of larger, peripherally located fasttwitch muscle fibers as the low-threshold, deeply located slow-twitch fibers fatigue and therefore cannot maintain force output. The decrease in MMG amplitude across time at higher levels of force production has been attributed to an increase in muscle fiber relaxation time, which results in fewer lateral oscillations and pressure waves (recorded at the skin as MMG) per unit time. 38 A lack of change in MMG amplitude during sustained isometric muscle contractions may reflect a balance between the effects of motor unit recruitment (which can increase MMG amplitude) and firing frequency (which can decrease it).
Recent studies 12, 13, 18, 19, 43, 48, 49 have examined the MMG responses during nonfatiguing isotonic and isokinetic, concentric or eccentric muscle contractions. However, we are unaware of previous studies that have examined the MMG responses during repeated, fatiguing dynamic muscle contractions. Furthermore, as EMG amplitude reflects motor unit activation, 8 simultaneous evaluation of the MMG and EMG signals may provide information about motor control strategies during fatiguing muscle contractions. Therefore, the purpose of this investigation was to examine patterns of the MMG and EMG responses from the superficial quadriceps femoris muscles [vastus lateralis (VL), rectus femoris (RF), and vastus medialis (VM)] during 50 maximal, concentric, isokinetic knee extensions at three different velocities.
MATERIALS AND METHODS
Subjects. Ten healthy adults, two men and eight women (21.8 ± 2.4 years, 166.9 ± 7.1 cm, 62.0 ± 10.9 kg) volunteered to participate in this investigation. The study was approved by the University Institutional Board for Human Subjects. All subjects completed a health history questionnaire and signed a written consent form prior to testing.
Isokinetic Strength Testing. The subjects visited the laboratory on four separate occasions. The first occasion was an orientation and practice session. On each of the final three occasions, a 5-min warm-up was performed on a cycle ergometer prior to testing, and three submaximal, isokinetic muscle contractions preceded each maximal test. Following this, subjects performed 50 consecutive maximal concentric muscle contractions of the leg extensors with their dominant leg, followed by passive flexion, at one of three randomly selected velocities (60°иs − 1 , 180°иs −1 , and 300°иs −1 ) on a calibrated Cybex II isokinetic dynamometer (Cybex II, Medway, Massachusetts). The range of motion was standardized from 90 to 180°of knee flexion for each subject.
Electromyography Procedures. Bipolar (7.62 cm center-to-center) surface electrodes (Quinton Quick Prep silver-silver chloride; Quinton Instruments, Bothell, Washington) arrangements were placed along the longitudinal axes of the VL, RF, and VM muscles of the dominant leg according to Ebersole et al. 14 The electrode placements on the VL were midway between the greater trochanter of the femur and the lateral condyle of the femur, and for RF, they were midway between the inguinal fold and the superior border of the patella. For the VM, the electrode placements were 20% of the distance between the medial gap of the knee joint and the anterior superior spine of the pelvis, according to the recommendations of Zipp. 55 All reference electrodes were placed over the iliac crest. The electrode sites were marked with permanent marker to ensure consistent placement between tests. Interelectrode impedance was kept below 2,000 ohms by shaving the area and abrading the skin. The EMG signals were preamplified (gain: 1000×) using a differential amplifier (EMG 100, Biopac Systems, Santa Barbara, California; bandwidth 1.0-5000 HZ).
Mechanomyography Procedures. The MMG signal was detected by piezoelectric crystal contact sensors (Hewlett-Packard 21050A, Andover, Massachusetts; bandwidth 0.02-2000 HZ). One sensor was placed on each of the three superficial quadriceps femoris muscles between the proximal and distal EMG electrodes. A stabilizing ring and double-sided adhesive tape were used to ensure consistent contact pressure of the sensor. ) (MP100, Biopac Systems). This allowed for comparisons among the velocities based on a standardized 30°range of motion from approximately 120 to 150°of flexion at the knee joint, with the subject beginning the muscle contraction at 90°o f knee flexion and ending at 180°of knee flexion (or full knee extension). This portion of the range of motion was chosen to avoid the acceleration and deceleration phases of the movement, typical of isokinetic dynamometers.
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Statistical Analysis. Torque, EMG amplitude, and MMG amplitude values were determined for the 50 muscle contractions of each test. For each subject, values were normalized to the highest value found for the 50 muscle contractions at each velocity, for each variable investigated. The average, normalized EMG amplitude, MMG amplitude, and torque in relation to muscle contraction number for each muscle were examined using polynomial regression models (linear, quadratic, cubic; SPSS software program, Chicago, Illinois). Using X = muscle action number, Y = EMG amplitude, MMG amplitude, or torque, and a 0 , a 1 , a 2 , and a 3 = statistically determined regression coefficients, these models are:
The statistical significance (P < 0.05) for the increment in the proportion of the variance that would be accounted for by a higher-degree polynomial was determined using the following F-test 40 :
The slope coefficients were compared statistically using the procedures of Pedhazur. 40 As recommended, an alpha level of 0.10 was used to reduce the chance of committing a type 2 error when testing the differences between slope coefficients.
RESULTS
Torque. Figure 1 shows the decreases across repetitions for normalized torque at 60, 180, and 300°иs −1 . At 60°иs −1 (R 2 = 0.984) the relationship was best fit by a quadratic model, whereas at 180 (R 2 = 0.990) and 300°иs −1 (R 2 = 0.951), the relationships were cubic. The percent decline in torque values was 44 ± 18%, 65 ± 14%, and 63 ± 8% at 60, 180, and 300°иs −1 , respectively.
Electromyography. Figure 2 describes the relationships between normalized EMG amplitude and repetition number at 60, 180, and 300°иs −1 for the VL, RF, and VM muscles. At 60°иs −1 , the normalized EMG amplitude and repetition number relationships were best fit with cubic models for the VL (R Mechanomyography. Figure 3 describes the relationships between normalized MMG amplitude and repetition number at 60, 180, and 300°иs −1 for the VL, RF, and VM muscles. At 60°иs −1 , the relationships were best fit with quadratic models for the VL (R 2 = 0.512) and VM (R 2 = 0.559), but a linear model (r 2 = 0.309) for the RF. At 180°иs −1 , the relationships were best fit with linear models for the VL (r 2 = 0.568) and RF (r 2 = 0.845), but a quadratic model for the VM (R 2 = 0.713). At 300°иs −1 , the relationships were best fit with quadratic models for the VL (R 2 = 0.907) and VM (R 2 = 0.868), but a linear model (r 2 = 0.752) for the RF. 
DISCUSSION
Torque. The decreases in peak torque (PT) in the present study (Fig. 1) were similar to those from a number of previous investigations. 25, 26, 32, 33, 36, 37, 53, 54 Peak torque decreased at a slower rate (44 ± 18% decline) at 60°иs −1 than at either 180 (65 ± 14%) or 300°иs −1 (63 ± 8%), and leveled off during approximately the last 20 repetitions. At 180 and 300°иs −1 , PT leveled off only slightly during approximately the last 10 repetitions. These results were consistent with findings of a 13.2% decline in PT at 30°иs −1 after 40 muscular contractions, 33 and 45-55% declines in PT at 180°иs −1 after 50 muscular contractions. 37, 52 Theoretically, PT decreases across velocity during maximal, concentric, isokinetic muscle contrac- tions 15, 18, 28, 45, 49, 53 because of a shift in the contribution to torque production from both type I and type II fibers at slow velocities to predominantly type II fibers at faster velocities. 20, 53 Thus, in the present study at 60°иs −1 , the fatigue resistant nature of type I fibers may have attenuated the decrease in PT across repetitions. During the faster velocities, a greater reliance on the more fatigable type II fibers for torque production may have caused greater declines in PT. The similarity between the relationships at 180 and 300°иs −1 was likely due to the minor contributions of type I muscle fibers to the torque production, and a similar rate of fatigue for the contributing type II muscle fibers over the course of the 50 repetitions.
EMG Amplitude. It has previously been reported that during repeated, maximal, concentric isokinetic contractions of the knee extensors, EMG amplitude increased, 37, 51 decreased, 32, 33 or remained unchanged. 31, 32 In the present investigation, EMG amplitude for each muscle demonstrated a cubic relationship across repetitions at each velocity (Fig. 2) , consisting of a rapid increase during the first 10 repetitions, a slight decrease in the middle of the test, followed by another increase during the last 10 repetitions.
Theoretically, when performing maximal muscle actions, all available muscle fibers are activated. It has been hypothesized that increases in EMG amplitude during the initial repetitions of a test involving 100 maximal muscle contractions at 180°иs −1 were due to nonmaximal effort by the subjects. 37 This could also be the case in our study, as torque values did not reach maximum for several repetitions at each velocity. Also, decreases in EMG amplitude in the middle of the tests combined with increases toward the end of the tests, suggested that subjects were less motivated mid-test, but increased effort during the final repetitions, knowing that the test was nearly complete.
Interestingly, the VM demonstrated the highest level of activation at the end of each test. According to Johnson et al., 30 the VM typically contains a higher percentage of type I muscle fibers, followed by the VL and RF, respectively. Thus, it is possible that differences in muscle fiber type distribution patterns between the three muscles contributed to the ability to maintain the activation level throughout the fatiguing work-bouts. The finding 32 that EMG amplitude decreased 15 ± 3% during 100 maximal, isokinetic leg extensions in subjects with a greater proportion of type II muscle fibers (60.3 ± 3.0%), but showed no significant change for subjects with a lower proportion of type II muscle fibers (41.2 ± 3.2%) supports this possibility.
MMG Amplitude. Previous studies 23, 39, 44 have shown that patterns of MMG amplitude responses to sustained, fatiguing, isometric muscle contractions were dependent upon the level of force production and the rate at which fatigue develops. A general pattern has emerged which includes: (1) an increase in MMG amplitude across time at low levels of force production (10-40% MVC), 23, 39, 44 and (2) either no change 23, 44 or a decrease in MMG amplitude 23, 39 across time at higher levels of force production (50-80% MVC). Orizio 38 attributed these force-dependent patterns to fatigue-induced changes in motor unit recruitment or motor unit discharge rates which "may determine an increase or a decrease" in MMG amplitude.
The decreases in MMG amplitude across repetitions (Fig. 3 ) in our study were consistent with previous studies 23, 34, 39 of isometric muscle contractions. Thus, MMG amplitude tends to track fatigueinduced decreases in torque and force production during dynamic and isometric muscle actions. Previous studies on submaximal cycle ergometry 11, 27, 41 have suggested that fatigue-induced decreases in MMG amplitude may be due to changes in muscle compliance or the effect of "muscle wisdom."
Prolonged static and dynamic muscle contractions increase muscle thickness, fluid content, and intramuscular pressure, which combine to decrease muscular compliance. 2, 29, 46, 47 In the present study, a progressive decrease in muscular compliance across the repetitions may have restricted oscillations of the active muscle fibers, or reduced pressure waves from disturbances of intra-and extracellular fluid mediums and, thereby, attenuated MMG amplitude. 4, 39 The decreases in MMG amplitude across repetitions in the present study may also have been related to the phenomenon known as "muscle wisdom." 16 Theoretically, muscle wisdom results in an economical activation of fatiguing muscle by the central nervous system, and is characterized by declines in force, muscle relaxation rates, and motor neuron discharge rates in order to optimize muscular force production. 16 Previous studies 11, 17, 27, 38, 39, 41 have hypothesized that reduced MMG amplitude during fatiguing tasks may result from decreases in motor unit discharge rates as well as the fusion of motor unit twitches. However, it has been suggested 16 that muscle wisdom may not be appropriate for rhythmic activities, as a slower relaxation rate increases energy consumption as the muscle works against antagonist muscles. This would "result in a decrease in the net torque exerted about a joint for a given level of muscle activation," 16 which could cause the nervous system to limit muscular activity as a protective mechanism against potentially damaging activity. 22 Additional research is needed to determine the effects of muscle wisdom on muscle function during various types of activities including dynamic muscle actions.
There were differences between the three muscles examined in the present study for the patterns of MMG amplitude across the 50 repetitions (Fig. 3) . A previous study 34 reported that MMG amplitude from the RF had the "most prominent" decline during 50 repeated isometric MVCs when compared to the VL and VM, perhaps related to the relative decline in the force produced by each muscle or to the fiber type composition of each muscle. 34 The RF tends to have a higher percentage of type II muscle fibers than either the VL or VM. 30 Therefore, the greater decline in MMG amplitude from the RF in the present study may have been influenced by fatigue of type II fibers during the repeated maximal efforts.
In conclusion, velocity-related differences in percent decline in PT were found in the present study, and MMG amplitude tracked these changes more closely than did EMG amplitude. This suggests that type I and type II muscle fiber activation patterns not only contribute to the observed torque production for the three velocities but may also contribute to the patterns of MMG amplitude. These findings indicate that MMG amplitude may be useful as an estimate of force production during repeated dynamic contractions when it is not possible to measure force directly, for example, during rehabilitative exercises that utilize manual resistance. Mechanical responses between the VL, RF, and VM, as indicated by MMG amplitude, were not uniform during fatiguing dynamic contractions, suggesting that MMG amplitude may be able to detect the contribution of the individual muscles of a single muscle group to force production during repeated dynamic contractions. Therefore, MMG amplitude has potential use in clinical populations, giving one the ability to detect abnormal mechanical contributions of individual muscles between healthy and injured limbs, or between diseased and normal populations, and to determine whether various treatments are able to change such abnormal responses favorably. Further studies, including frequency analysis, on the effect of muscle fiber-type contribution on the MMG signal are needed to clarify these findings.
